Introduction
Copper deficiency is a widespread problem in cattle (Suttle, 1986; McDowell, 1992) and can be caused by low Cu intake or high intakes of Fe and(or) Mo. Copper deficiency has been linked with higher mortality in grazing lambs (Suttle and Jones, 1986 ) and mice infected with P. hemolytica (Jones and Suttle, 1983) . Decreased ability of bovine neutrophils to kill phagocytized microorganisms has also been observed in Cu-deficient cattle (Jones and Suttle, 1981; Boyne and Arthur, 1986) . Other research has shown that Cu deficiency caused by high dietary intake of Mo decreased growth (Phillippo et al., 1987b; Gengelbach et al., 1994) and delayed puberty (Phillippo et al., 1987a) in cattle, but Fe-induced Cu deficiency had no effect on either growth or puberty in these studies. The objectives of our experiments were to study the effect of Cu status on specific immune responses of cattle and to determine whether Mo-and Fe-induced Cu deficiencies have differential effects on the specific immune function of cattle.
Materials and Methods

Experiment 1
Experimental Design and Animals. Forty 2-yr-old heifers (Angus, Simmental, and Charolais) were fed 20 mg of supplemental Mo per kilogram of DM for 17 d to depress their Cu status. Heifers were then rectally palpated to determine stage of pregnancy, and 38 heifers (mean initial BW = 505 kg) entering the last third of gestation were assigned to dietary treatment based on breed and expected calving date. Dietary treatments were 1 ) control, 2 ) 600 mg of supplemental Fe (as FeCO 3 ) per kilogram of DM, 3 ) 5 mg of supplemental Mo (as NaMoO 4 ) per kilogram of DM, Table 1 . Heifers were offered 10.6 kg of DM during gestation. During lactation, feed was increased to meet the higher energy requirements of lactating heifers and to compensate for feed consumption by calves. The depletion, basal gestation, and basal lactation diets contained 4, 4, and 4.5 mg of Cu/kg of DM; . 37, .32, and .30% S; and 192, 192 , and 204 mg of Fe/kg of DM, respectively. Calves were born between d 70 and 125 of the experiment. The calves averaged 36.5 kg at birth and 180.5 kg at the end of the study. Heifers that lost calves were immediately removed from the study, but data to that point from heifers and calves were retained for statistical analyses. Animal care and housing as well as diet analysis are described in detail by Gengelbach et al. (1994) . Due to high death loss and general unthriftiness of the Mo-supplemented calves, the level of supplemental Mo was reduced to 2.5 mg/kg of DM on d 211 and remained at that level throughout the remainder of the experiment.
Immunological Procedures. A sample of colostrum was collected as soon as possible after parturition. A serum sample was collected from the calves 7 d after parturition. These samples were analyzed for total IgG concentration by a radial immunodiffusion assay using commercially available kits (VMRD, Pullman, WA).
To measure humoral immunity, calves were injected with 5 mL of a 20% suspension of pig erythrocytes ( PRBC) on d 169 and again on d 246. Calves were bled via jugular venipuncture before and 7, 14, 21, and 28 d after each injection. Serum was analyzed for total anti-PRBC antibody titers by the method described by Droke et al. (1993) .
In vitro lymphocyte blastogenic response was measured twice during the experiment using the procedure described by Ward et al. (1993) . Briefly, lymphocytes were isolated from whole blood using a Ficoll gradient. The cells were then placed in 96-well plates and cultured for 56 h in the presence of mitogens.
[ 3 H]Thymidine was added to the cultures 18 h before the end of incubation. Cells were harvested and blastogenic response measured by 3 H incorporation into the cells. Culture media were supplemented with either fetal calf serum ( FCS) or autologous serum. Mitogens used for the first blastogenic measurement were 50-mL solutions containing 12.5 mg/mL of phytohemagglutinin ( PHA; catalog no. L9132; Sigma Chemical, St. Louis, MO), 50 mg/mL PHA, or 10 mg/ mL lipopolysaccharide ( LPS, E. coli serotype 055:B5; catalog number, L9379; Sigma). Mitogen concentrations used in the second assay were 12.5 and 50 mg/mL PHA and 10 or 40 mg/mL pokeweed mitogen ( PWM) . Triplicate wells were counted for each animal-serummitogen combination.
For 
Blood and Liver Analyses
Blood was collected via jugular venipuncture. Samples were placed on ice, transported to the laboratory, and immediately centrifuged at 2,000 × g for 30 min at 5°C. Plasma was removed and stored at −10°C until analysis for Cu concentration by flame atomic absorption spectrophotometry (Model 5000, Perkin-Elmer, Norwalk, CT). Liver samples were obtained by the biopsy method of Erwin et al. (1956) and stored at −10°C until they were analyzed for Cu content. Copper content was determined by flame atomic absorption spectrophotometry after samples were wet-ashed in nitric acid.
Immunological Procedures
In vitro lymphocyte blastogenic response was measured as described earlier when calves were 128 to 140 d old. Mitogen concentrations used were 12.5 and 50 mg/mL of PHA and 10 and 40 mg/mL PWM. In a second assay, CuCl 2 was added to culture media to provide 0, .25, .50, or 1.00 mg of Cu/L (final concentration). Fetal calf serum was used to supplement the culture to minimize differences in Cu concentrations in the media. All cultures were done in triplicate for each assay.
Cell-mediated immune response was measured in vivo using intradermal injection of PHA as described earlier. Skinfold measurements were taken before and 2, 4, 6, 8, 12 , and 24 h after injection.
Statistical Analyses
Antibody titers and skinfold responses for both experiments were analyzed as a split plot in time. The model for Exp. 1 included time, treatment, breed, and animal within treatment as well as the two-way interaction between time and treatment. The model for Exp. 2 included time, treatment, animal within treatment, and the two-way interaction between treatment and time. Animal within treatment variation was used as the error term to determine treatment differences in each experiment. Plasma and liver Cu for Exp. 2 were analyzed by least squares ANOVA for a completely random design using the GLM procedures of SAS (1985) . The model included effects due to dietary treatment. Treatment differences were determined using an LSD test (Steel and Torrie, 1980) . Blastogenic response data were analyzed with least squares ANOVA using the GLM procedures of SAS for a split plot design. The model included the effects of treatment, mitogen, serum source, and animal within treatment as well as all two-and three-way interactions between treatment, mitogen, and serum source. Treatment differences were determined by an LSD test using animal within treatment as the error term. Differences among mitogens and serum source were determined using an F-protected t-test using residual error as the error term. When Cu was added to culture media the model included the effects of treatment, Cu concentration, mitogen, and animal within treatment as well as all two-and three-way interactions of treatment, Cu concentration, and mitogen. Animal within treatment was used as the error term in an LSD test to determine differences among treatments. Single degree of freedom contrasts were used to determine the linear and quadratic effects of Cu concentration. All reported values are least squares means.
Results and Discussion
Experiment 1
Three heifers aborted before the calving season and six calves died during parturition or shortly there- During the early part of a calf's life, it is protected by maternal antibodies that it receives from colostrum. These antibodies protect the calf while its immune system fully develops. Dietary treatment had no effect on the concentration of IgG in colostrum collected from heifers at parturition or on serum IgG concentration of calves at 7 d of age (Table 3) . This indicates that dietary treatment had no effect on the dam's ability to produce antibodies or the ability of the antibodies to cross the intestine of the calf. One heifer produced abnormal colostrum due to mastitis and had undetectable concentrations of IgG. Her calf also had undetectable concentrations of serum IgG and subsequently died of infection. The data collected from this pair were deleted prior to statistical analyses of IgG, and this calf was included in calves that died shortly after birth.
Copper-supplemented calves had plasma Cu concentrations of .68 mg/L or greater throughout the experiment (Gengelbach et al., 1994) . Plasma Cu concentrations of .5 mg/L or less indicate Cu deficiency in cattle (Underwood, 1981) . Based on plasma Cu concentrations, control, Fe-, and Mo-supplemented calves were Cu-deficient (.30, .35, and .22 mg of Cu/L, respectively) before immune function was tested and these calves remained deficient throughout the experiment (Gengelbach et al., 1994) .
The first injection of PRBC was not given until the calves were approximately 70 d old to minimize the effect of maternal antibodies. None of the calves had detectable titers against PRBC before receiving the injection of PRBC (Table 4 ), indicating that no maternal antibodies that were cross-reactive with PRBC were present. Therefore, all titers measured represented antibodies produced by the calves in response to PRBC injection. There were no differences due to dietary treatment after the primary injection. After the secondary injection of PRBC, Mo-supplemented calves had lower ( P < .04) antibody titers than control calves 7, 14, 21, and 28 after injection. Molybdenum-supplemented calves also had lower antibody titers than Fe-supplemented calves 7 ( P < .07), 21 ( P < .04), and 28 ( P < .05) d after the secondary injection of PRBC. Copper-supplemented calves had lower antibody titers to the secondary injection of PRBC than controls 14 ( P < .07) and 21 ( P < .09) d after injection.
Copper-supplemented calves had the lowest response to intradermal injection of PHA (Table 5) . Copper-supplemented calves had lower responses than all other treatment groups 4 ( P < .10), 8 ( P < .04), 12 ( P < .08), and 24 ( P < .09) h after PHA injection and lower ( P < .10) responses than Mo-supplemented calves and controls 48 h after injection. There were no differences among control, Mo-, or Fe-supplemented calves at any time tested.
The calves were approximately 110 d old when lymphocytes were first harvested for blastogenic assays. Lymphocytes from Fe-supplemented calves had lower in vitro viability than lymphocytes from control ( P < .08) and Mo-supplemented calves ( P < .01, Table 6 ). Lymphocytes from Cu-supplemented calves had lower ( P < .01) in vitro viability than lymphocytes from Mo-supplemented calves. There was a mitogen × dietary treatment interaction for blastogenic response ( P < .01); therefore, data were analyzed by mitogen. When the lymphocytes were stimulated with 50 ml of a solution containing 50 mg/ mL of PHA, blastogenic response was greater ( P < .05) for Mo-and Cu-supplemented calves than for control calves. Blastogenic response to LPS is not shown because LPS did not stimulate blastogenesis above that observed for unstimulated lymphocytes.
During the second blastogenic response assay, when calves were approximately 183 d old, there was a dietary treatment × mitogen interaction ( P < .01) as well as a dietary treatment × serum source interaction ( P < .09). When lymphocytes were stimulated with the low concentration of PHA, Mo-supplemented calves responded less than control calves ( P < .05) and Cu-supplemented calves ( P <.10, Table 6 ). Lymphocyte blastogenic response to PWM was not affected by dietary treatment. Lymphocytes grown in media supplemented with FCS responded less ( P < .01) than cells cultured in media containing autologous serum, but the difference was not as great for cells from Mo-supplemented calves (Table 7) . Because FCS-supplemented lymphocytes responded less than autologous serum-supplemented cultures, FCS seems to lack one or more factors that are important for lymphocyte activation and proliferation or contains one or more inhibitory factors. Furthermore, the fact that lymphocytes from Mo-supplemented calves were not affected as severely suggests that serum from Mo-supplemented calves was more similar than serum from control, Fe-, and Cu-supplemented calves to FCS.
Experiment 2
Plasma Cu concentrations of the calves on d 126 were .26, .90, and .16 mg/L for control, Cu-, and Mosupplemented calves, respectively. Liver Cu concentrations for the three groups were 8.6, 53.3, and 8.1 mg/kg of DM, respectively. Copper-supplemented calves had higher ( P < .01) plasma and liver Cu concentrations and were considered to be in adequate Cu status. Control and Mo-supplemented calves did not differ from each other in plasma or liver Cu and were considered to be Cu-deficient before immune function tests were performed.
In vitro viability of lymphocytes collected from calves was greater than 93% in both assays and was not affected by treatment (Table 8) . Dietary treatment had no effect on in vitro blastogenic response for unstimulated, PHA-, or PWM-stimulated lymphocytes during the first (Table 8 ) or second assay (data not shown). However, addition of Cu to the culture media during the second assay decreased blastogenic response of lymphocytes that were stimulated with mitogens (Table 9 ). Increasing Cu concentration linearly decreased ( P < .01) blastogenic response of cells stimulated with the 12.5 mg/mL concentration of PHA and the 40 mg/mL concentration of PWM. Supplemental Cu quadratically decreased ( P < .01) response to the 50 mg/mL concentration of PHA and the 10 mg/mL concentration of PWM. The effect of Cu on blastogenic response seems to be specific for stimulated cells because Cu addition had no effect on the growth of unstimulated cells, indicating that the Cu was not directly toxic to the cells. Previous research with rats (Bala and Faila, 1992) has shown that decreased lymphocyte reactivity caused by Cu deficiency could be restored by the addition of interleukin-2 ( IL-2) to the culture media. The addition of Cu to the culture media also restored activity by increasing IL-2 production of the cultured cells, indicating that Cu is essential for IL-2 production. The conflicting results of the current experiment could indicate species differences. Stabel et al. (1993) also investigated the effect of Cu deficiency in Holstein calves on lymphocyte Table 9 . Effect of copper addition to culture media on in vitro lymphocyte blastogenic response to mitogens in Experiment 2 a L** = linear effect of Cu addition P < .01, Q** = quadratic effect of Cu addition P < .01, NS = no effect of Cu addition. blastogenic response to PHA. In vivo Cu status had no effect on blastogenic response, although in vitro supplementation of Cu as CuCl 2 seemed to increase blastogenic response. It is difficult to compare the lymphocyte blastogenesis data from the two studies because they are reported in different ways. Stabel et al. (1993) converted the data to stimulation indices ( SI) before statistical analyses. This was done by dividing counts per minute (cpm) for stimulated cultures by the cpm of unstimulated cultures. To determine the effect of in vitro Cu supplementation, Stabel et al. (1993) compared the SI of cultures supplemented with Cu to the SI of unsupplemented cultures. If the same calculations are performed on the data presented in Table 9 , the addition of .25 and 1.00 mg of Cu/L of culture media seems to increase blastogenic response to mitogens even though the cpm of these cultures are clearly lower than those of unsupplemented cultures stimulated with mitogens. Schultz (1981) has pointed out that this type of discrepancy can occur when results are presented as SI and suggests presenting blastogenic data as cpm for stimulated and unstimulated cultures. Blastogenic response data are reported in the present experiments as cpm due to the highly variable results seen with unstimulated cultures. The mitogens used in these studies are thought to stimulate different subsets of lymphocytes. Phytohemagglutinin is a T cell mitogen, PWM is a Tdependent B cell mitogen, and LPS is a T-independent B cell mitogen. In Exp. 1, the differences among treatments occurred when lymphocytes were stimulated with PHA (Table 6 ). This may indicate that T cells are more sensitive to the trace minerals studied in the present experiment. Further evidence of this was found when Cu was added to the culture media during Exp. 2 (Table 9 ). Copper addition decreased blastogenic response for PWM-and PHA-stimulated lymphocytes, but the magnitude of the depression was greater when PHA was used to stimulate cells.
Cell-mediated response to intradermal injection of PHA is presented in Table 10 . Skinfold response to intradermal injection of PHA was greatest for Mosupplemented calves (Table 10 ). They had larger responses than control and Cu-supplemented calves 2 ( P < .10) and 4 ( P < .08) h after injection and greater responses than control calves 6 ( P < .04), 12 ( P <.01), and 24 ( P < .01) h after injection. Copper-supplemented calves had greater responses than controls 12 ( P < .05) and 24 ( P < .06) h after injection. The data from the two current experiments did not show consistent effects of dietary treatment on specific immune function. In Exp. 1, Mo supplementation increased blastogenic response to PHA during the first assay but decreased response to PHA during the second assay. This difference might have occurred because of age-related changes in the immune system of the calves. Pollock et al. (1991) reported changes in the response to keyhole limpet hemocyanin in calves as they aged from 3 wk to 5 mo. Also, the differences could have occurred because the calves had begun to consume the diets offered to the dams by the second blastogenic response measurement. Previously, we have shown that Mo plus S supplementation did not affect response to intradermal injection of PHA after 7 d of supplementation but decreased response after 77 d of supplementation (Ward et al., 1993) .
Differences in skinfold response to PHA between Cu-and Mo-supplemented calves in the two experiments cannot be explained by age differences because both sets of calves were injected with PHA when the calves were approximately 180 d old. Differences could indicate breed differences or could be the result of different diets. The beef calves had been consuming milk throughout the experiment and had access to corn silage-based diets, whereas the Holstein calves had been weaned and fed semipurified diets. Stabel et al. (1993) also found few differences in immune function of Cu-adequate and Cu-deficient Holstein calves. They found that total IgM and IgG were not affected by Cu status. When infectious bovine rhinotracheitis ( IBR) and P. hemolytica were administered to induce respiratory disease, Cu deficiency had minimal effects on antibody production. Furthermore, Cu status had no effect on febrile response following infection with IBR and minimal effect after infection with P. hemolytica.
Based on the data of Stabel et al. (1993) and the current experiment, it seems that Cu status has little impact on specific immunity of cattle and that the effects are variable due to other factors, possibly age, breed, and environment. In Exp. 1 the Mo-supplemented calves showed some visual signs of Cu deficiency, including rough and discolored hair coats. Also, the calves receiving supplemental Mo had depressed growth (Gengelbach et al., 1994) . This suggests that specific immune function is maintained in Cu-deficient cattle after other signs of Cu deficiency appear. Furthermore, three Simmental calves from the Mo-supplemented treatment died or were removed from the study during immune function tests due to severe infection. The immune function data that were collected from these calves gave no indication that they were immunosuppressed. This is further evidence that other physiological functions important to disease resistance (i.e., energy metabolism, protein turnover, or mineral repartitioning) are adversely affected by Cu deficiency before specific immune function is depressed.
Several researchers have reported that Cu deficiency alters innate or nonspecific immune function. Jones and Suttle (1981) reported that Cu deficiency lowered the ability of granulocytes, from sheep and cattle, to kill Candida albicans but phagocytosis was not impaired. Boyne and Arthur (1986) showed that Cu deficiency in cattle induced by Fe or Mo depressed neutrophil viability, phagocytic ability, and killing capacity.
More recently, Gengelbach (1994) reported that Cu deficiency and Cu deficiency coupled with high dietary Mo or Fe tended to decrease neutrophil killing ability in young calves. In addition, calves supplemented with Fe or Cu had larger febrile responses to innoculation with IBR virus than did control calves or calves supplemented with Mo. Furthermore, Cu-supplemented calves had higher concentrations of tumor necrosis factor in plasma than did calves supplemented with Mo when blood was taken before viral innoculation on d 2 postweaning. Nonspecific immune function seems to be altered by Cu deficiency, and this could decrease disease resistance in Cu-deficient cattle.
Copper deficiency does have adverse physiological effects for cattle. However, the effects on specific immune function are minimal and variable. The minimal effect of Cu deficiency on specific immune function of cattle is in contrast to results reported for other species such as rats (Windhauser et al., 1991) and mice (Blakley and Hamilton, 1987) , in which Cu deficiency decreases specific immune response. Therefore, data collected from laboratory animals regarding the effects of Cu deficiency on specific immune function should not be extrapolated and used to predict the effects of Cu deficiency in cattle.
Implications
Copper status seems to have little impact on specific immune function of cattle. Specific immune function seems to be maintained after visual signs of copper deficiency appear and other physiological functions such as growth are affected. This is in contrast to other species. Therefore, data collected from laboratory animals should not be used to predict the effects of copper deficiency on cattle.
